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ABSTRACT 
Introduction: Running is a common fitness activity that is enjoyed by many older 
adults. Little research has been done concerning the older adult runner and research into 
factors that contribute to injury including impact attenuation is important. The purpose of 
this research was to determine if differences in impact attenuation exist between young and 
older adult runners. 
Methods: Young adult (n=8; age: 24.5±3.6 yrs.) and older adult (n=8; age: 68.9±6.3 
yrs) runners ran at both aself-selected and a controlled speed of 3.3m/s. An 
electrogoniometer was used to measure knee angle and accelerometers attached to the head 
and leg measured accelerations and impact attenuation at a frequency of lOooHz. 
Results: Spectral analysis revealed increased leg power and increased head power in 
the young adult runners. Transfer functions were similar between groups. Impact attenuation 
was higher for the older adult group in both the preferred and controlled running speed 
conditions. In the preferred running speed condition young adults ran at a faster speed, 
exhibited higher peak leg and peak head accelerations, more excursion flexion and contact 
angle flexion when compared with the older adult group. Peak head and leg acceleration and 
excursion flexion were also larger in the controlled running speed condition for the young 
adult group. 
Discussion: Preferred running speed appears to contribute to altered power spectra 
and segment acceleration in the older adults. However, other factors requiring further 
inquiry, contribute even in controlled speed conditions. Leg and head power spectra are 
altered in older runners with resulting attenuation similar between the two age groups. It 
V 
appears that maintaining a stable visual field may be a larger priority in the older adult 
runner. 
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CHAPTER I 
INTRODUCTION 
Introduction 
Running is an activity enjoyed by many individuals. Over 35 million runners aged 
six and older run at least one day per year in the United States (USA Track and Field 
Association, 1997). A growing number of older adults are participating in running events. 
The 40+ age group has seen a 55% increase in participation in road race events in the past 
decade (USA Track and Field Association, 1997). Research on this growing group is 
important for determining risks associated with the older adult runner. Running injury rates 
are estimated at 27-70% annually (Hreljac, Marshall and Hume, 2000) and determining if 
older adults are at an increased risk is important for injury prevention. 
A contributing factor to increased injury potential in runners is abnormal impact 
attenuation (Nack and Phillips, 1990). In typical heel to toe running, the heel strikes the 
ground and the force of this impact travels up the body. The magnitude of these impacts can 
range from 2-3 times an individual's body weight (Bobbert et a1, 1991, Farley and Gonzalez, 
1996 and Shorten and Winslow, 1992). Impact attenuation refers to the reduction of this heel 
strike force as it travels up the body and across the joints of the skeleton. Impact attenuation 
can be affected by many factors including changes in joint angle, muscle tone, bone and 
cartilage. What is not known is how these impact attenuating properties are modified by the 
process of aging. 
Research to determine age-related gait changes have been conducted in running (Bus, 
2003), walking (Ronksy, Nigg and Fisher, 1995) and stepping down (Lark, Buckley, Bennett, 
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Jones and Sargeant, 2003). Results of these studies indicate changes in knee contact angle, 
changes in range of motion of the knee and ankle joints and changes in leg stiffness and joint 
torques. These differences may contribute to different impact attenuation in the body, thus 
altering the incidence of injury in the alder population when compared to the younger 
population. These dissimilarities may illustrate the importance of studying the older 
population and of refraining from generalizing the findings from studies of healthy young 
subjects across the life span. 
Statement of the Problem 
The purpose of this study was to determine if differences might exist between older 
adult and younger adult runners in regard to impact attenuation. This was accomplished by 
obtaining acceleration and knee angle data of over-ground running in preferred and 
controlled speed conditions. The hypotheses were as follows: 
1. Older adults will exhibit more knee flexion at contact. 
2. Young adults will have higher accelerations of the head. 
3. More attenuation of impact will be seen in the older adult group. 
Review of Literature 
Running Injury 
Older adult runners are growing in number. The 50+ age group was identified as the 
fastest growing group of participants in the New York City Marathon between1983-1999 
(Jokl et a1., 2004). With this growth the concern for injury potential has also increased. 
Running injuries are estimated to occur in 27-70% of runners annually (Hreljac, Marshall and 
Hume, 2000). Investigating injury potential and risks associated with running and the aging 
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population is important. Additionally, determining if age related changes of the body affect 
factors that contribute to increased injury potential is of great interest. 
Abnormal impact absorption has been identified as a risk factor for chronic and over-
use injuries in the lower extremity (hack and Phillips, 1990). When running the heel strikes 
the ground resulting in an impulse that travels up the body. In running these forces can be 2-
3 times the body weight of the individual (Bobbert et al, 1991, Farley and Gonzalez, 1996, 
and Shorten and Winslow, 1992). The repetitive nature of these forces further increases the 
potential for injury. Impact attenuation is the reduction of the amplitude of the heel strike 
force as it travels up the body. Attenuation of impacts is important because it may help 
protect the spine and the head from the large forces experienced at heel contact. Active 
mechanisms for impact attenuation include changes in joint position and changes in muscle 
tone. Passive mechanisms include the visco-elastic properties of bone, cartilage, synovial 
fluid and soft tissues including those of the calcaneal pad and intervertebral discs (Pratt, 
1989). The relationship of these factors with age and impact attenuation will be discussed. 
Mechanisms of Impact Attenuat~'on 
Joint positions, in particular, the position of the knee and ankle joints at contact have 
been shown to influence impact attenuation. An increase in knee flexion at contact can 
reduce peak vertical ground reaction forces and increase the acceleration of the leg (Derrick, 
2004). Simulation research has illustrated that knee flexion and plantar flexion can affect 
impact absorption by factors of 68 N per degree and 85 N per degree respectively 
(Gerritssen, van den Bogert and Nigg, 1995). Increased flexion of the joints at contact 
decreases the effective mass of the subject and allows for faster segment accelerations and 
improved attenuation of impacts (Derrick, 2004). 
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Kinematic differences between older and younger runners have been documented. 
Using preferred and controlled running speed conditions, Bus (2003) found that older adults 
(55+ years) exhibited significantly more knee flexion at heel strike and no significant 
difference in subtalar j oint motion. Contact knee angles of 4.2° and 9.8° were seen in 
younger and older runners, respectively, when running at 3.34 m/s and 3.35 m/s. Knee 
flexion range of motion was also seen to decrease with age, with younger adults exhibiting 
3 8.9° and older adults exhibiting 29.4° of flexion range of motion. Ronsky, Nigg, and Fisher 
(1995) saw similar decreases in knee range of motion in walking as well as decreases in 
ankle range of motion. 
In addition to joint angle, muscles may also play a role in impact absorption. Muscle 
fibers have the ability to contract. Concentric contraction is when a muscle shortens in 
length in order to develop tension. Eccentric contraction is when a muscle actively 
lengthens. Eccentric contractions allow muscles to dissipate energy. For example, the knee 
extensor muscles eccentrically contract after heel-strike slowing the "fall" of the upper body. 
If active structures such as muscles are ineffective in aiding impact attenuation, passive 
structures may be subject to increased forces and be more susceptible to injury (Voloshin and 
Wosk, 1982). 
Passive mechanisms of impact attenuation may also be affected by aging. This 
includes changes to the structure and quality of bone. The load-bearing capacity of a bone is 
determined by the bones ability to deform. The elastic characteristics of bone allow bone to 
deform in response to a load and return to its original shape after the load is removed. Once 
a bone is stretched beyond its elastic threshold, injuries and breaks can occur. The elastic 
properties of bone allow bowing of long bones and contribute to the passive attenuation of 
impact. 
Another passive mechanism for impact attenuation is the calcaneal fat pad. The 
calcaneal fat pad has been shown to decrease impact transmission in the area of 20-25% 
(Paul et al., 1978). This heel pad is composed mainly of adipose tissue and elastic fibrous 
tissues allowing for pressure changes of the capsule. Changes in the structure and quality of 
the heel pad may reduce its impact absorptive capacity. 
Intervertebral disks (NDs) are another passive mechanism suggested for the 
attenuation of impact. IVDs are fibrocartilagenous rings surrounding a gelatinous substance. 
These disks provide cushioning between the vertebrae of the spine and also allow for the 
many degrees of motion the spine exhibits. 
The lower leg can be modeled as a spring-mass model to investigate stiffness 
(McMahon, Valiant and Frederick, 1987). Muscles, tendons, and ligaments contribute to the 
stiffness properties of the leg spring and adjustments are made in these components in order 
to conserve energy in the mass-spring system. Increases in stiffness of the lower extremity 
can increase the magnitude of the force impulse traveling to the head. Increased knee 
flexion angles lower the effective axial stiffness of the body and allow for greater attenuation 
of impact (Lafortune et al., 1996). Further investigation into the kinematics and stiffness 
characteristics of active, healthy older adults is necessary to make associations between 
stiffness and impact attenuation in older adult runners (Bus, 2003). 
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Changes in ~lde~ Adults 
In addition to kinematic changes such as increased flexion at contact, other changes in 
the older adult may contribute to altered impact attenuation. Age-related decreases in the 
quality and quantity of muscle fibers resulting in loss of muscle mass and strength is called 
sarcopenia. Exercise has been shown to have positive effects on strength, range of motion 
and muscle synthesis in the elderly (Yarasheski, 2003). However, additional senescent 
changes such as decreases in testosterone and changes in estrogen and growth hormone 
levels may still contribute to sarcopenia even in the active and healthy elderly. Further 
investigation into the causes of sarcopenia may determine how changes in active elderly may 
affect impact attenuation. 
Changes in the structure and quality of bone have been documented with age. Aging 
has been shown to decrease elasticity, stiffness and resistance to micro-cracks in bone, thus 
generally changing the quality of bone. Zioupos and Currey (1998) found that after the age 
of 35 declines were seen in important bone characteristics. A decline of 2.3% per decade 
following the 35th year was documented for the elastic modulus of bone. Bone strength 
measures declined of 3.7% per decade, and the trend of critical stress to create a macrocrack 
decreased at a rate of 4.1 %. Fractures required less energy to initiate (3% decrease per 
decade) as well as less energy to extend the fracture (8.7% per decade). 
Changes in soft tissues may also occur in older adults. Atrophy of the heel pad 
occurs with age (Edelstein, 1988). Additionally, compression of the fat cells and loss of 
collagen in the pad are often seen in the elderly and obese. These changes may reduce the 
impact absorptive capacity of the heel pad. Degeneration of the IVDs and articular cartilage 
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are frequently seen in the elderly (Chaffin and Ashton-Miller, 1991). This degeneration may 
result in a decrease in the NDs ability to attenuate impact. 
Additional musculoskeletal changes seen in aging include increased laxity in tendons 
and ligaments (Such et al., 1975), and decreases in the viscosity of synovial fluid (Jebens and 
Monk-Jones, 1959). These changes in addition to changes in muscle quality and knee flexion 
may alter the stiffness of the leg. An increased stiffness in the elderly of 43% and 88% has 
been found in step down motions of 10 and 20% of each subject's height (DeVita and 
Hortobagyi, 2000). Determining the extent of these changes in the active older adult and if 
relationships exist between these changes and altered kinematic or impact attenuation 
requires further investigation 
Impact attenuation has been examined in many conditions, however, little research 
has been done with older adults. With a growing elderly population, research into older adult 
runners can be of value. Determining the effects of aging on impact attenuation in healthy 
individuals will lend information concerning factors that are malleable and factors that may 
contribute to a sedentary lifestyle. Furthermore, understanding impact attenuation and 
kinematic changes with age can lead to improvements in equipment and training in this 
population. 
The purpose of this study was to investigate if differences in impact attenuation are 
present in younger and older adult runners. Impact acceleration of the head and leg as well 
as knee angle data were collected. Spectral analysis was used to distinguish active and 
passive components of the impact shock wave. 
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Thesis organization 
This thesis is organized into Introduction, Manuscript and General Conclusions 
chapters. The manuscript is formatted according to Medicine and Science in Sports & 
Exercise specifications. References are included in the manuscript, with a full bibliography 
included at the end of the thesis. The informed consent documentation, the medical history 
questionnaire and running habits questionnaire have been appended. Extended methods, 
extended results, and calibration table sections are also included as appendices. 
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CHAPTER II 
IMPACT ATTENUATION IN OLDER ADULTS 
A paper to be submitted to Medicine &Science in Sports &Exercise 
Allison Mae Johnston and Timothy R. Derrick 
Introduction 
Running is a common fitness activity. Over 35 million individuals age six and older 
in the United States run at least one day per year (USTFA, 1997). The population of 
individuals over the age of 65 increased by 12% between 1990 and 2000, and this growth 
trend has continued to present (U.S. Census Bureau, 2000). As the population grows older 
more athletes will be running in their later years. The number of master's athletes (age 40+) 
in road running events has increased more than 55% over the last decade (USTFA, 1997). 
Despite the growing number of older adult athletes, research into this area remains 
limited. The majority of running research is done on young adults. Kinematic research of 
the lower extremity in older adults is often limited to walking and stepping. Another 
deficient area is determining how kinematic differences seen with age affect impact 
attenuation. Research in this area will be helpful for determining if and to what extent 
impacts in running affect injury potential. In addition, empirical evidence will lend more 
insight for suggesting improvement in training, safety and performance in the older adult 
athletes. 
When running, the medial heel typically makes initial contact with the ground. This 
results in an impact with an average magnitude of 2-3 times an individual's body weight 
(Bobbert et al., 1991; Farley and Gonzalez, 1996). The force is transmitted up the segments 
of the body to the head. Impact forces are proposed as a contributing factor to the 
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development of running injuries (Nilsson and Thorstensson, 1989). Running injuries are 
estimated to occur in 27-70% of runners annually (Hreljac, Marshall and Hume, 2000). 
Determining if elderly runners are at an increased risk of injury is of interest. Therefore, 
research into running and bone strength in this population is of great value. 
Although injury is of concern, impacts may also be beneficial by stimulating cartilage 
and bone growth (Couplandet al., 1999; Karlsson et al., 2000). Osteoporosis and related 
fractures are a concern for the aging population and exercise may reduce age-related bone 
loss or help restore bone already lost in older persons. Karlsson et al. (2000) examined the 
leg bones of active and former soccer players and age-matched controls using X-ray 
absorptiometery. The results showed that the highest bone densities were seen in active 
players while those who were retired from playing differed less from the control group as the 
length of their retirement increased. This illustrates the importance of staying physically 
active to maintain bone density. Further defining the relationship between impacts and aging 
bone is important. 
Differences in lower extremity mechanics in older and younger adults have been 
documented in several studies. These differences include increased knee flexion, altered 
knee and hip contributions and lower ankle torque (Bus, 2003; Lark et al., 2003; Ronsky et 
al., 1995). Ronsky, Nigg and Fisher (1995) used 3-D kinematics to Look at ankle range of 
motion in walking in 59 healthy elderly male and female subjects. The results of this study 
showed that ankle range of motion was smaller for the elderly than that of a corresponding 
younger adult group. In addition, the knee flexion range of motion was also seen to decrease 
wlt age. 
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Other research investigated the differences in joint torques and stiffness in the elderly 
and young population (Lark, Buckley, Bennett, Jones and Sergeant, 2003). This study 
investigated stepping down motions in young and elderly male subjects. In this study it was 
seen that the elderly had lower maximum ankle torque values. The ankle stiffness was also 
significantly lower in the elderly than in the young. 
Many of the factors that have been discussed may lead to altered impact attenuation 
in older adults. For example, changes in knee flexion can cause different impact attenuation. 
Increased flexion of the joints at contact decreases the effective mass of the subject and 
allows for faster segment accelerations and improved attenuation of impacts (Derrick, 2004). 
Simulation research has shown that knee flexion and plantar flexion can affect impact 
absorption by factors of 68 N per degree and 85 N per degree respectively (Gerritssen, van 
den Bogert and Nigg, 1995). Investigations into these and the other variables that affect 
impulse attenuation are important in determining age-related changes and injury potential in 
older adult runners. 
The purpose of this study was to investigate the differences in the kinematics of 
running between older adult and younger adult populations as well as the resulting impact 
attenuation. If increases in knee flexion are seen in the older adult population, then increased 
impact attenuation may result. Increased impact attenuation may result in lessened 
accelerations of the head. Changes in stiffness and joint ranges of motion may also 
contribute to impact attenuation. Research in this area will provide additional information 
about locomotive changes with age and suggest further investigation into maintenance of 
bone health in the older adult population. 
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Methods 
Participants 
Eight older adults athletes (age: 68.9±6.3 yrs; height: 1.70±0.1 m; mass: 71.1±5.6 kg} 
and 8 college-aged athletes (age: 24.5±3.6; height: 1.81 ±0.1 m; mass: 73.7±11.2 kg) 
participated in this study. Participants were identified as individuals who ran weekly as part 
of an exercise program or sports participation. Average self-reported mileages for the two 
groups were 7 and 14 miles per week for the older and younger adult groups, respectively. 
Consent was obtained prior to participation in accordance with University policy. 
Instrumentation 
Two accelerometers (Analog Devices, model ADXL 250, mass 5.9 grams) placed on 
the right distal tibia and frontal bone of the forehead were attached with neoprene straps and 
used to measure accelerations of the leg and head. These attachment sites were chosen to 
minimize the effects of soft tissue movement. A custom-made knee electrogoinometer was 
used to record knee angle. It was attached to subjects using double-sided tape and hook and 
loop straps. The axis of the goniometer was aligned with the axis of rotation of the knee joint. 
A 12-bit data logger (Biomedical Monitoring, model BM42) was attached to the waist of 
each runner and was used to record the accelerations and knee angle data at a sampling 
frequency of 1000 I~z per channel. Sampling was initiated by pressing the power button on 
the data logger prior to each condition. The recorded data during both the running conditions 
were downloaded and imported into Matlab where calibration factors for the accelerometers 
were applied. The calibration equation was determined using a running impact simulator 
(Exeter Research) at various drop heights. 
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Protocol 
Subjects participated in all the conditions on one occasion and all wore the same 
model of lab provided shoes. Each participant warmed-up by running on the 35 m laboratory 
runway. Preferred running speed for each participant was determined from a minimum of 
two trials at aself-selected speed falling within 10% of one another measured by a 
microwave radar gun (Radar Sales Stalker Pro) with STATS software. The preferred running 
speed trial was then performed with an acceptable trial velocity of ±10% of the established 
average preferred n►nning speed. The participants were then required to run at a set speed of 
3.3 m/s measured by the radar gun and falling within a ±10% range of the set speed. All data 
were collected as the subjects ran a single trial along the runway. Strides in which the 
subjects had reached steady state speed were averaged. This resulted in 6-10 strides per trial 
for each subject. 
Analysis 
The data were filtered using a bandpass Butterworth filter with a bandpass of 0.5 to 
50.0 Hz. Each impact was identified on the graph and the peak accelerations of the head and 
tibia were recorded (see Figure 1). Peak knee angle and knee angle at contact were 
determined for each condition. The stance phase of the running cycle was extracted from the 
head and leg acceleration curves and used to deternune the frequency content of the signal. 
The stance phases of each accelerometer signal were detrended, front and back padded to 
1024 data points and Fourier transformed using a rectangular windowing function. Power 
was adjusted for zero padding and then bin width and power were adjusted to 1 Hz bins. 
Power spectral density (PSD) curves were determined. A transfer function (TF) was 
calculated for each frequency bin using the following formula (Shorten and Winslow, 1992): 
14 
TF = lologlo (PSDneaa~sDleg) 
The resulting transfer function indicates gain in signal strength with positive values, while 
negative values indicate attenuation of the signal. 
Figure 1. Graphical representation of impact data results. 
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The two age groups were compared on variables including peak leg impact 
acceleration (pL), peak head impact acceleration (pH), impact attenuation (IA), knee angle at 
contact, and maximum knee angle. Impact attenuation measures the dampening of the 
impact as it travels up the body and is calculated as follows: 
IA=(1-(pH/pL))* 100 
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Results were calculated and compared for the two age groups as well as between the 
preferred running speed and set speed of the two groups. Analysis of variance between the 
dependant variables and the two groups was preformed. Because of relatively small sample 
sizes, Cohen's d statistics (1988) were calculated to determine differences between groups. 
Power analysis of the study was performed to ensure statistical power. This analysis 
determined that a Cohen's d value (c~ of 1.3 was necessary to determine a large effect at a 
power of 0.8. 
Results 
Power spectral analysis of the preferred running speed condition showed differences 
in head power (Figure 2) and leg power (Figure 3) in both the active and passive frequency 
areas. Peak leg power was higher in the young adult group in the low frequency range (<10 
Hz) with the young adult groups peak power averaging 1.35 ± 0.53 g2•Hz I and the older 
adults averaging 0.70 ± 0.46 g2•Hz 1 (d=1.8; p=0.020; Table 1). Peak head power was also 
larger in the young adult group in the low frequency range (0.91 ± 0.22 vs. 0.45 ± 0.26 g2•Hz 
1; d=2.6; p=0.002). In the impact range of the spectra (10-20 Hz) peak head and leg power 
were also significantly larger for the young adult group with a d-value of 1.6 (p=0.040) and 
2.2 (p=0.008) for the leg and head, respectively. No differences were seen between groups in 
the transfer function (Figure 4). 
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Table 1. Power spectral analysis averages for preferred running speed condition (Cl) by age 
group. 
Young Older Cohen's 
Ad u It Ad u It d 
mean sd mean sd 
Active Leg Frequency(Hz) 
Active Leg Power(g2•Hz i) 
Impact Leg Frequency(Hz) 
Impact Leg Power(g2•Hz 1) 
Active Head Frequency(Hz) 
Active Head Power(g2•Hz 1) 
Impact Head Frequency(Hz) 
Impact Head Power(g2•Hz 1) 
Attenuation 
7.000 
1.349 
12.375 
1.316 
4.125 
0.911 
10.375 
0.173 
-10.376 
0.926 
0.531 
1.506 
0.473 
0.354 
0.224 
2.326 
0.066 
3.324 
7.375 
0.704 
12.250 
0.774 
4.750 
0.455 
12.125 
0.090 
-9.570 
1.302 
0.456 
1.669 
0.489 
1.832 
0.265 
3.482 
0.038 
2.427 
0.5 
1.8 
0.1 
1.6 
0.7 
2.6 
0.8 
2.2 
0.4 
Results of the power spectral analysis of the controlled speed condition yielded large 
effects in two variables. Peak leg power (Figure 3) was larger in the young adults but the 
difference was less pronounced than that seen in the preferred speed condition 
(d=1.3;p=0.080). The largest dlifference seen in this condition was that the peak head impact 
power occurred at different frequencies for the two age groups (Figure 2). Peaks occurred at 
10 ± 2.4 Hz in the young adult group and at 12.8 ± 2.1 Hz in the older adult group (d=1.7; 
p=0.027; Table 2). This size of effect was not seen for any other frequency comparisons in 
either of the two conditions. The resulting transfer function for the controlled running speed 
condition showed similar patterns for two age groups despite differences in leg and head 
power (Figure 4). 
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Table 2. Power spectral analysis averages for controlled running speed condition (C2) by age 
group. 
Young 
Adult 
mean 
Older 
Adult 
sd mean 
Cohen's 
d 
sd 
Active Leg Frequency(Hz) 
Active Leg Power(g2•Hz 1) 
Impact Leg Frequency(Hz) 
Impact Leg Power(g2•Hz 1) 
Active Heed Frequency(Hz) 
Active Heao~ Power(g2•Hz 1) 
Impact Head Frequency(Hz) 
Impact Head Power(g2•Hz-1) 
AtRenuation 
6.750 
0.987 
12.375 
1.070 
4.000 
0.884 
10.000 
0.149 
-9.923 
0.463 
0.291 
1.302 
0.503 
0.000 
0.329 
2.390 
0.069 
4.644 
6.750 
0.735 
13.625 
0.912 
4.125 
0.619 
12.750 
0.109 
-9.880 
0.707 
0.243 
2.264 
0.454 
0.354 
0.406 
2.053 
0.031 
1.723 
0.0 
1.3 
1.0 
0.5 
0.7 
1.0 
1.7 
1.1 
o.o 
Figure 2. He~.d Power. 
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Figure 3. Leg Power 
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Figure 4. Transfer Function of PSD spectra 
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Other differences were also seen between groups. In condition one, the preferred 
running speed condition, the young adult group had a faster preferred speed than the older 
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adult group with speeds of 3.7 ± 0.53 m/s and 3.11 ± 0.65 m/s for the young and older adult 
groups respectively (d=1.5; p=.054). Differences were also found in stride length and stride 
frequency (see Table 3). Stride frequency for the older adults was higher in both conditions 
with a Cohen's d- value of 1.0 (p=0.173) in the preferred condition and 1.6 in the controlled 
speed condition (p=0.044). Stride length was also different between the age groups with 
significant differences in both the preferred (d=1.9; p =0.017) and controlled 
(d=1.7;p=0.029). 
Table 3. Speed, stride frequency (SF) and stride length (SL) for both groups and conditions. 
C 1 C2 
Younger 
Adults Older Adults Younger Adults Older Adults 
Cohen's Cohen's 
mean sd mean sd d mean sd mean sd d 
Speed 3.73 0.53 3.11 0.65 1.5 3.34 0.13 3.33 0.10 0.2 
SF 1.37 0.08 1.44 0.10 1.0 1.34 0.07 1.47 0.15 1.6 
SL 2.71 0.32 2.17 0.48 1.9 2.50 0.14 2.28 0.21 1.7 
Additional differences were seen in the accelerometry data (see Table 4). Large 
differences were seen in both peak leg and peak head accelerations between groups. Peak leg 
accelerations for the young adult group were higher than those seen in the older adult group 
and this difference was identified as large (d=1.3; p=.089). Peak head acceleration was also 
higher in the young adult group (d=2.0, p=0.018). Impact attenuation was higher in the older 
adult group with a resulting Cohen's D-value of 1.1 (p=0.135). 
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Table 4. Peak leg (PL), and peak head (PH) acceleration and impact attenuation (SA) for 
preferred running speed condition (C 1) by age group. 
Cohen's 
Young Adult Older Adult d 
mean sd mean sd 
PL (g) 10.5 2.6 8.3 2.13 2.0 
PH (g) 3.1 0.55 2 0.86 1.3 
SA % 69.7 7.69 75.7 7.35 1.1 
The young adult group exhibited more knee flexion excursion than the older adult 
group (12.4° ± 3.35 vs. 9.2 °± 4.16; d=1.2; p=0.112). Contact knee flexion angle was slightly 
larger in the young adult group (10.4° ± 4.98 vs. 8.3° ± 6.51; d=0.5; p=0.494}. No significant 
differences were seen in maximum knee flexion, stance time, or transition time in this 
con lt~on. 
In the controlled running speed condition, fewer differences were seen between the 
groups (Table 5). A large effect was still seen in peak head acceleration with the older adults 
exhibiting less acceleration of the head (d=1.2; p=0.095). Differences in leg acceleration in 
this condition were small with the young adult group's peak acceleration only .8 g's larger 
than the older adults' average peak leg acceleration (d=0.4; p=0.611). A moderate difference 
was seen in impact attenuation with the older adult exhibiting more attenuation than the 
younger adult group (d=0.8; p=0.250). 
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Table 5. Peak leg (PL), and peak head (PH) accelerations and impact attenuation (SA) for 
controlled running speed condition (C2) by age group. 
Cohen's 
Young Adult Older Adult d 
Mean sd Mean sd 
PL (g) 10.19 3.09 9.42 2.53 1.2 
PH (g) 2.81 0.5 2.19 0.85 0.4 
SA (%) 70.59 9.64 76.31 9.45 0.8 
Knee flexion excursion was higher in the young adult group when the groups were 
compared (11.8° ± 3.65 vs. 10.5° ± 3.18; d=0.5). Knee flexion at contact and maximum knee 
flexion were similar between the groups in this condition (d=0.1 and d=0.3, respectively). 
Stance time was longer in the young adult group with a moderate resulting effect. Difference 
in transition time remained sm~il (d=0.4; p=0.593). 
Discussion 
The purpose of this study was to determine the effects of aging on impact attenuation 
in active healthy adults. This was accomplished by testing older and younger adult runners 
in preferred and controlled running speed conditions in over-ground running. These 
conditions allowed the runners to run at their normal pace and also to illustrate what 
differences may be the result of aging and what may only be influenced by differences in 
preferred speed. Variables such as leg acceleration, head acceleration, and resulting impact 
attenuation were measured and compared. 
The results seen in this study differed from those seen in previous research by Bus 
(2003). Older adult subjects in the present study ran at a slower preferred running speed 
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(3.11 m/s vs. 3.34m/s) and had an average age of 68.9 years in comparison to the average age 
of 59.3 in the 2003 study. Notably knee angle findings of this study were not found to be 
significant as was seen in the earlier study. Although knee angle at contact was not 
significant in this study, the values seen in the older adult group were similar for the two 
studies (10.0° and Bus, 2003: 9.8°). Therefore, it appears that the difference in contact angle 
between the studies' younger runners account for the different statistical outcomes. 
Within this study the results indicated that one factor influencing the differences 
between groups was differences in preferred running speed. Older adult runners chose a 
slower speed than the younger runners. The faster speed seen in the young adult group may 
account for increased the leg accelerations seen in the young adult group. Clarke et al. 
(1985) found that increases in running speed were related to increases in tibial acceleration in 
the magnitude of 34% for each 1.0 m•s-1 increase. In addition, when the older and younger 
adults ran at the same speed, older adult runners ran with a shorter stride (see Table 3). 
Changes in stride length have been shown to influence contact velocity. Derrick et al. (1998) 
showed that increases in contact velocity of 20% could be seen with a 10% increases in stride 
length. As a result of the difference in stride length impact to the head was lessened, even 
without changes in attenuation. 
The power analysis of the acceleration peaks showed increased head and leg power in 
the young adult group when compared to the older adults. This difference, although more 
pronounced in the preferred speed condition, persisted in the controlled speed condition. In 
the low frequency range of the power curve, that which is associated with the general up and 
down motion of the body, older adults exhibited lower peak magnitudes. This is associated 
with less active motion of the head. The impact portion of the spectrum between 10 and 20 
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Hz was attenuated. The general pattern of the transfer function was similar between age 
groups and conditions even with substantial differences in the head and leg power spectra. 
Results of the time-domain analysis of impact attenuation differed from those seen in 
frequency domain analysis. In the time domain analysis it appears that older adult runners 
were attenuating more of the impact than were younger adult runners. Frequency domain 
analysis indicated that there was no difference in attenuation between the two age groups. 
Examination of the transfer functions (see Figure 4} reveals similar attenuation in the impact 
range of frequencies (10-20Hz) between the young and older runners. This indicates that 
attenuation of impact is more effective in this range of frequencies. In this range the body 
may act as a low-pass filter helping to eliminate the higher frequency as the impact travels up 
the skeleton. However, differences can be seen between 1 and 5 Hz. The increase in the 
gain of the transfer function seen in the younger runners indicates more low frequency 
"bobbing" of the head. In the time-domain analysis low active frequencies and higher impact 
frequency occur simultaneously. Frequency domain analysis separates these two signals and 
can be used to isolate the motion and impact components of the signal. 
These results indicate that impact may be attenuated differently with age. These 
changes may help older adults maintain a steadier line of vision and facilitate information 
processing. Increased head stability has also been suggested to serve as a protective 
mechanism against falls and to compensate for age-related declines in sensory processes 
related to balance (Cromwell, l~Iewton, and Forrest, 2002). Suggestions for head impact 
accelerations and increased impact attenuation include increases in knee flexion (Clarke, 
Frederick, and Copper, 1983) and shifts from heel to midsole or toe striking patterns 
(Cavanagh and Lafortune, 1980). As knee angle at contact and excursion flexion were 
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similar between groups additional investigation into kinematic adjustments as well as the 
physiological changes that may be present are necessary to explain the age-related 
differences in impact attenuation. 
In summary, it appears that some mechanism other than knee angle is contributing to 
altered impact power between younger adult and older adult runners. The active mechanism 
of reducing the up and down motion of the head coupled with decreased leg power seems to 
account for much of this difference. 
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CHAPTER III 
GENERAL CONCLUSIONS 
The purpose of this study was to investigate impact attenuation in older adult runners. 
This was accomplished by comparing preferred and controlled speed running conditions. 
Head and shank accelerations, speed, and knee angle were measured. The following results 
were hypothesized. 
1. Older adults will exhibit more knee flexion at contact. 
2. Young adults will have higher accelerations of the head. 
3. More attenuation of impact will be seen in the older adult group. 
Large differences were seen in leg and head accelerations. Higher accelerations of 
the head were seen in the young adult group and more impact attenuation was seen in the 
older adult group. Knee flexion at contact was not significantly different between groups. 
Spectral analysis revealed large differences in leg and head power. The young adult group 
exhibited more leg power in both the 0- l OHz and 10-20 Hz frequency bands. Head impact 
power was also larger in the 0- l OHz active range of the spectrum. The resulting transfer 
functions were similar between the young and older adult runners indicating similar resultant 
attenuation. 
Younger adults exhibited larger acceleration if the head supporting one of the 
hypotheses. Shock attenuation was similar between groups in frequency domain analysis. 
Differences were seen in the 1-5 Hz range of head power. It appears that stability of the head 
may be a larger priority for the older adult runner. 
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APPENDIX A 
INFORMED CONSENT 
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INFORMED CONSENT DOCUMENT 
Title of Study: 
Methods of impact attenuation in older adult and young adult runners 
Principal Investigator: 
Department of Health and Human Performance 
Iowa State University 
Ames, IA 50010 
This is a research study. Please take your time in deciding if you would like to participate. 
Please feel free to ask questions at any time. 
INTRODUCTION 
The purpose of this study is to investigate and compare the kinematics of running in older 
and young adults to determine possible links to impact attenuation through the body. 
DESCRIPTION OF PROCEDURES 
Orientation 
Prior to the start of the study you will be given the opportunity to ask any questions that you 
may have about any aspects of the study. 
Protocol 
If you agree to participate in this study, your participation will last for approximately 1 hour. 
During the study you may expect the following study procedures to be followed. You will be 
required to come into the biomechanics lab in 178N Forker Building. After reading this 
informed consent document and agreeing to participate you will be asked to warm up in a 
normal fashion. You will be asked to run at two different speeds while wearing a knee and 
an ankle electrogoiniometer. Additionally accelerometers will be attached to your forehead 
and shin. These devices will be connected to a portable data logger that will be carried on 
your person. Trials will be performed in aself-selected speed condition and an experimenter 
imposed speed of 3.5 m/s (approximately 7.8 mph) for approximately 100 meters. Running 
speed will be monitored through the use of a GPS unit worn on the wrist that will provide 
audio feedback when outside the desired speed range. You will also be asked to stand on a 
platform fitted over a treadmill at two different knee angle positions while wearing shoes and 
without wearing shoes. Afifteen-degree position and a zero degree standing position will be 
used and you will be required to wear lab provided shoes. In the treadmill condition, 3-D 
29 
coordinate data of reflective markers placed on your person, will be collected. While on the 
treadmill an impact will be presented by an object passing under the platform, and the 
resulting forces measured by the accelerometer equipment attached to your body. The 
impacts are expectea~ to be less than those seen when jumping from a height of 30 cm (12 
inches). Video data will be collected from the treadmill condition. 
RISKS OR DISCOMFORTS 
While participating in this study you may experience the following risks: possible muscular 
or ligament strain associated will normal running. Adequate warm-up should minimize the 
possibility of strains° In addition, skin irritation from the adhesive of the devices may occur. 
BENEFITS 
If you decide to participate in thhis study there will be no direct benefit to you. This research 
may provide information relevant to further research in age-related changes in physical 
abilities and for programs directed at slowing age-related physiological declines. 
COSTS AND COMPENSATION 
• You will not have any costs from participating in this study. 
• You will not be compensated for participating in this study. 
PARTICIPANT RIGI~TS 
Your participation in this study is completely voluntary and you may refuse to 
participate or leave the study at any time. If you decide to not participate in the study 
or leave the study early, it will not result in any penalty or loss of benefits to which you 
are otherwise entitled. 
RESEARCH INJURY 
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Emergency treatment of any injuries that may occur as a direct result of participation in this 
research is available at the Iowa State University Thomas B. Thielen Student Health Center, 
and/or referred to Mary Greeley Medical Center or another physician or medical facility at 
the location of the research activity. Compensation for any injuries will be paid if it is 
determined under the Iowa Tort Claims Act, Chapter 669 Iowa Code. Claims for 
compensation should be submitted on approved forms to the State Appeals Board and are 
available from the Iowa State University Office of Risk Management and Insurance. 
CONFIDENTIALITY 
Records identifying participants will be kept confidential to the extent permitted by 
applicable laws and regulations and will not be made publicly available. However, federal 
government regulatory agencies and the Institutional Review Board (a committee that 
reviews and approves human subject research studies) may inspect and/or copy your records 
for quality assurance and data analysis. These records may contain private information. To 
ensure confidentiality to the extent permitted by law, the following measures will be taken: 
subjects will be assigned numbers that will be used on forms instead of their name. If the 
results are published, your identity will remain confidential. 
QUESTIONS OR PROBLEMS 
You are encouraged to ask questions at any time during this study. For further information 
about the study contact Timothy R. Derrick, (515) 294-8438. If you have any questions 
about the rights of research subjects or research-related injury, please contact the Human 
Subjects Research ®ffice, 2810 Beardshear Hall, (515) 294-4566; austingr@iastate.edu or 
the Research Compliance Officer, Office of Research Compliance, 2810 Beardshear Hall, 
(515) 294-3115; dament~iastate.edu 
~~~ 
SUBJECT SIGNATURE 
Your signature indicates that you voluntarily agree to participate in this study, that the study 
has been explained to you, that you have been given the time to read the document and that 
your questions have been satisfactorily answered. You will receive a copy of the signed and 
dated written informed consent: prior to your participation in the study. 
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Subject's Name (printed) 
(Subject's Signature) (Date) 
INVESTIGATOR STATEMENT 
I certify that the participant has, been given adequate time to read and learn about the study 
and all of their questions have been answered. It is my opinion that the participant 
understands the purpose, risks, benefits and the procedures that will be followed in this study 
and has voluntarily agreed to participate. 
(Signature of Person Obtaining (Date) 
Informed Consent) 
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APPENDIX B 
QUESTIONNAIRE 
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SUBJECT ~: 
Name: 
Age: 
Weight: 
Birth date: 
Height: 
How many days do you run per week? 
What is your average distance per run? 
Approximate Weekly Mileage: 
How many years have you been running as part of your fitness routine? 
Do you have any current injuries that may affect your running ability? YES / NO 
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APPENDIX C 
MEDICAL HISTORY FOB 
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MEDICAL HISTORY 
Today's Date:  / / 
Personal Information 
Name: Age: Date of Birth:  / / Sex: 
Address:  Telephone No: ( ) 
Social 
Employer:   Security No: - - 
Emergency Information 
Personal Physician's 
Physician:  Telephone No: 
Physician's 
Address:  
Individual to be contacted in case of an emergency:  
Relationship to you: 
Home Home 
Address:  Telephone No: 
Work Work 
Address:  Telephone No: 
Do you have medical alert identification?  YES  NO 
If YES, where is it located?  
Hospitalizations 
Please list the last three (3) times you have been ill (sick) enough to see a physician, been hospitalized or had 
surgery. 
When? What was done (surgery, etc.)? Why was this done? 
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I'e~sonal Medical History 
Please check the following disease conditions that you had or currently have: 
 High blood pressure 
chest X-ray 
 High blood cholesterol  Anemia 
 High blood triglycerides  Diabetes 
 Angina pectoris  Jaundice 
 Heart attack  Hepatitis 
problems 
 Heart surgery (catheter, bypass) 
 Heart failure 
 Heart murmur 
seizures 
Stroke/transient ischemia attacks 
problem 
 Rheumatic fever 
 Arteriosclerosis 
disorder 
 Aneurysm 
 Infectious mononucleosis 
 Phlebitis 
 Gout 
 Kidney stones 
 Urinary tract infections 
 Emotional disorder (depression, etc.) 
Abnormal 
 Asthma 
 Emphysema 
 Bronchitis 
 Thyroid 
 Hernia 
 Cancer 
 Epilepsy or 
 Prostate 
 Osteoporosis 
 Eating 
Please provide dates and explanation to any of the above which you checked:  
Have you experienced, or do you currently experience any of the following on a recurring basis? 
During 
At rest: YES NO exertion: YES NO 
Shortness of breath 
Dizziness, lightheadedness, fainting 
Daily coughing 
Discomfort in the chest, jaw, neck or arms 
(pressure, pain, heaviness, burning, numbness) 
Skipped heart beats or palpitations 
Rapid heart rate 
Joint soreness 
Joint swelling 
Slurring or loss of speech 
Unusually nervous or anxious 
Sudden numbness or tingling 
Loss of feeling in an extremity 
Blurring of vision 
If YES to any of the above, please explain: 
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Orthopedic/Musculoskeletal Injuries 
Please check the following disease or conditions which you had or currently have: 
 Stiff or painful muscles 
 Swollen joints 
 Painful feet 
 Severe muscle strain 
 Limited range of motion 
in any joint 
 Bursitis 
 Muscle weakness 
 Amputation 
 Fractures or dislocations 
 Tennis elbow 
 Torn ligaments 
 Pinched nerve 
 "Trick" knee/knee injury 
 Head injury 
 Shoulder injury 
 Ankle injury 
 Whiplash or neck 
injury 
 Slipped disc 
 curvature of spine 
Do any of the above limit your ability to exercise? YES NO If YES to any of the above9
please explain: 
Activity History 
Please list any physical or recreational activities that you currently do or have done on a regular basis. 
Activity Frequency (days/week) Time (min session) How long (years) 
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APPENDIX D 
EXTENDED METHODS 
Table D.1. Conditions 
CO —Stance 
Running Conditions 
C 1 —Preferred Running Speed 
C2 —Standard Running Speed (3.34 m/s -3.46 m/s) 
Table D.2. Conditior~l order for each subject. 
A4 01267534 
AS 01273645 
A6 01265743 
A7 01276354 
A8 01237465 
A9 01243576 
A10 01254637 
All 01234756 
E1 01265743 
E2 01276354 
E3 01237465 
E4 01243576 
ES 01254637 
E6 01234756 
E7 01245367 
E8 01256473 
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APPENDIX E 
EXTENDED RESULTS 
Table E.1. ANOVA Results and Cohen's d-values for Preferred Running Speed Condition 
(C1). 
Cohen's 
d 
Speed 
Between 
Groups 20.048 1 20.0480 4.4191 0.0541 1.5 
Within Groups 63.513 14 4.5367 
Total 83.561 15 
Peak Head Between 
Acceleration Groups 3.803 1 3.8025 7.1408 0.0182 2.0 
Within Groups 7.455 14 0.5325 
Total 11.258 15 
Peak Leg Between 
Acceleration Groups 18.923 1 18.9225 3.3303 0.0894 1.3 
Within Groups 79.548 14 5.6820 
Total 98.470 15 
Attenuation 
Between 
Groups 142.803 1 142.8025 2.5164 0.1350 1.1 
Within Groups 794.488 14 56.7491 
Total 937.290 15 
Between 
Knee Contact Angle Groups 16.606 1 16.6056 0.4937 0.4938 0.5 
Within Groups 470.854 14 33.6324 
Total 487.459 15 
Between 
Maximum Knee Angle Groups 2.403 1 2.4025 0.0296 0.8659 0.1 
Within Groups 1136.895 14 81.2068 
Total 1139.298 15 
Knee Flexion Between 
Excursion Groups 40.641 1 40.6406 2.8686 0.1124 1.2 
Within Groups 198.344 14 14.1674 
Total 238.984 15 
Horizontal Heel Between 
Contact Groups 0.202 1 0.2016 0.6660 0.4304 0.6 
Velocity Within Groups 3.633 12 0.3027 
Total 3.834 13 
Between 
Vertical Heel Contact Groups 0.110 1 0.1098 2.1142 0.1716 1.1 
Velocity Within Groups 0.623 12 0.0519 
Total 0.733 13 
Stance Time 
Between 
Groups 0.000 1 0.0000 0.0088 0.9265 0.1 
Within Groups 0.006 14 0.0005 
Total 
4d 
Transition Time Between 0.000 1 0.0000 0.0019 0.9660 0.0 
Groups 
Within Groups 0.000 14 0.0000 
Total 0.000 15 
Between 
Active Leg Frequency Groups 0.5625 1 0.5625 0.440559 0.518 0.5 
(0-10 Hz} Within Groups 17.875 14 1.276786 
Total 18.4375 15 
Between 
Active Leg Power Groups 1.677025 1 1.677025 6.841659 0.020 1.8 
(0-10 Hz) Within Groups 3.431675 14 0.24512 
Total 5.1087 15 
Impact Leg Between 
Frequency Groups 0.0625 1 0.0625 0.024735 0.877 0.1 
(10-20Hz) Within Groups 35.375 14 2.526786 
Total 35.4375 15 
Between 
Impact Leg Power Groups 1.182656 1 1.182656 5.099324 0.040 1.6 
(10-20Hz) Within Groups 3.246938 14 0.231924 
Total 4.429594 15 
Active Head Between 
Frequency Groups 1.5625 1 1.5625 0.897436 0.360 0.7 
(0-10 Hz) Within Groups 24.375 14 1.741071 
Total 25.9375 15 
Between 
Active Head Power Groups 0.832656 1 0.832656 13.88939 0.002 2.6 
(0-10 Hz) Within Groups 0.839288 14 0.059949 
Total 1.671944 15 
Impact Head Between 
Frequency Groups 12.25 1 12.25 1.397149 0.257 0.8 
(10-20Hz) Within Groups 122.75 14 8.767857 
Total 135 15 
Between 
Impact Head Power Groups 0.0289 1 0.0289 9.66209 0.008 2.2 
(10-20Hz} Within Groups 0.041875 14 0.002991 
Total 0.070775 15 
Attenuation 
Between 
Groups 2.640625 1 2.640625 0.311621 0.586 0.4 
Within Groups 118.6338 14 8.473839 
Total 121.2744 15 
Between 
Stride Frequency Groups 0.017556 1 0.017556 2.057014 0.173465 1.0 
Within Groups 0.119488 14 0.008535 
Total 0.137044 15 
Stride Length 
Between 
Groups 1.193556 1 1.193556 7.266586 0.017404 1.9 
Within Groups 2.299538 14 0.164253 
Total 3.493094 15 
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Table E.2. ANOVA Results and Cohen's d-values for Controlled Running Speed Condition 
(C2). 
Cohen's 
d 
Speed 
Between 
Groups 0.010 1 0.0095 0.0550 0.8180 0.2 
Within Groups 2.419 14 0.1728 
Total 2.429 15 
Peak Head Between 
Acceleration Groups 1.626 1 1.6256 3.2038 0.0951 1.2 
Within Groups 7.104 14 0.5074 
Total 8.729 15 
Peak Leg Between 
Acceleration Groups 2.176 1 2.1756 0.2705 0.6111 0.4 
Within Groups 112.594 14 8.0424 
Total 114.769 15 
Attenuation 
Between 
Groups 131.676 1 131.6756 1.4435 0.2495 0.8 
Within Groups 1277.084 14 91.2203 
Total 1408.759 15 
Between 
Knee Contact Angle Groups 1.756 1 1.7556 0.0333 0.8578 0.1 
Within Groups 738.314 14 52.7367 
Total 740.069 15 
Between 
Maximum Knee Angle Groups 12.960 1 12.9600 0.1865 0.6724 0.3 
Within Groups 972.810 14 69.4864 
Total 985.770 15 
Knee Flexion Between 
Excursion Groups 6.760 1 6.7600 0.5762 0.4604 0.5 
Within Groups 164.260 14 11.7329 
Total 171.020 15 
Horizontal Heel Between 
Contact Groups 0.005 1 0.0052 0.0163 0.9005 0.1 
Velocity Within Groups 3.806 12 0.3172 
Total 3.811 13 
Between 
Vertical Heel Contact Groups 0.055 1 0.0546 0.9478 0.3495 0.7 
Velocity Within Groups 0.691 12 0.0576 
Total 0.745 13 
Stance Time 
Between 
Groups 0.001 1 0.0006 0.9524 0.3457 0.7 
Within Groups 0.008 14 0.0006 
Total 0.009 15 
Transition Time 
Between 
Groups 0.000 1 0.0000 0.3000 0.5925 0.4 
Within Groups 0.000 14 0.0000 
Total 0.000 15 
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Active Leg Frequency Between 0 1 0 0 1.000 0 
Groups 
(0-10 Hz) Within Croups 5 14 0.357143 
Total 5 15 
Between 
Active Leg Power Groups 0.257556 1 0.257556 3.568188 0.080 1.3 
(0-10 Hz) Within Groups 1.010538 14 0.072181 
Total 1.268094 15 
Impact Leg Between 
Frequency Groups 6.25 1 6.25 1.832461 0.197 1 
(10-20Hz) Within Groups 47.75 14 3.410714 
Total 54 15 
Between 
Impact Leg Power Groups 0.099225 1 0.099225 0.430991 0.522 0.5 
(10-20Hz} Within Groups 3.22315 14 0.230225 
Total 3.322375 15 
Active Head Between 
Frequency Groups 0.0625 1 0.0625 1 0.334 0.7 
(0-10 Hz) Within Groups 0.875 14 0.0625 
Total 0.9375 15 
Between 
Active Head Power Groups 0.278256 1 0.278256 2.054215 0.174 1 
(0-10 Hz} Within Groups 1.896388 14 0.135456 
Total 2.174644 15 
Impact Head Between 
Frequency Groups 30.25 1 30.25 6.093525 0.027 1.7 
(10-20Hz) Within Groups 69.5 14 4.964286 
Total 99.75 15 
Between 
Impact Head Power Groups 0.006006 1 0.006006 2.019514 0.177 1.1 
(10-20Hz) Within Groups 0.041638 14 0.002974 
Total 0.047644 15 
Attenuation 
Between 
Groups 0.01 1 0.01 0.000809 0.978 0.0 
Within Groups 173.1275 14 12.36625 
Total 173.1375 15 
Between 
Stride Frequency Groups 0.0676 1 0.0676 4.894118 0.044074 1.6 
Within Groups 0.193375 14 0.013813 
Total 0.260975 15 
Stride Length 
Between 
Groups 0.1849 1 0.1849 5.87417 0.029499 1.7 
Within Groups 0.440675 14 0.031477 
Total 0.625575 15 
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APPENDIX F 
CALIBRATION TABLES 
TABLE E.l. Accelerometer Calibration 
Drop Height 10mern 15mm 20mm 25mm 30mm 50mm 
PEAK 
g's* 0.11 g 4.41 g 5.828 6.998 8.48 14.448 
Head 
Accelerometer 
Average 
Peak 
(A/D 
units} 89.8854 122.9843 157.8181 187.32 221.2874 364.2258 
Leg 
Accelerometer 
Average 
Peak 
(A/® 
units) 97.3363 131.7537 171.8768 200.4394 236.6472 393.5221 
*As given by Impact Plus 
TABLE E.2. Goniometer Calibration 
Knee Angle 0 45 90 
A/D Units 2550.1 1985 1445.7 
Goniometer Calibration Equation: Knee Angle = -0.0815 * (A/D units} + 207.43 
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